The nitrogen-vacancy (N-V) center in diamond is a widely-used platform for quantum information processing and metrology. The electron-spin state of N-V center could be initialized and readout optically, and manipulated by resonate microwave fields. In this work, we analyze the dependence of electron-spin initialization on widths of laser pulses. We build a numerical model to simulate this process and verify the simulation results in experiment. Both simulations and experiments reveal a fact that shorter laser pulses are helpful to the electron-spin polarization. We therefore propose to use extremely-short laser pulses for electron-spin initialization. In this new scheme, the spin-state contrast could be improved about 10% in experiment by using laser pulses as short as 4 ns in width. Furthermore, we provide a mechanism to explain this effect which is due to the occupation time in the meta-stable spin-singlet states of N-V center. Our new scheme is applicable in a broad range of NV-based applications in the future.
. The mechanism of ISC has been studied and attributed to the spin-orbital and electron-phonon interactions [43] . Recently, a microscopic model is also provided to explain the electronic states of the N-V center, the optical transitions and the ISC [48] .
As a fundamental technique for initialization and readout, optical pumping process has been parametrically studied and the transition rates between the electron-spin states have been measured experimentally [43, 48, 49] . In a typical N-V experiment at room temperature, the spin polarization of the N-V center to m s = 0 is estimated to be 90% [50] , and a fluorescence contrast between the m s = 0 and m s = ±1 to be over 30% can be observed when driving the electron spin with a resonant microwave field (i.e., by the Rabi experiment). Furthermore, several new approaches have been proposed to improve the optical readout efficiency of spin states and the effect on nuclear spin polarization during the pumping process is also evaluated in experiments [51] [52] [53] [54] [55] [56] [57] .
In the letter, we parametrically study the effect on electronspin polarizations by using laser pulses with different widths. We change the experimental pumping sequence by repeatedly applying short laser pulses instead of a single long pulse until a steady spin-state is achieved. Numerical simulation shows a increasing polarization as the pulse width decreasing to zero. This result is then verified by observing the spin-state contrasts of Rabi oscillations in experiment. We show that the mechanism to this effect is due to the overall dwelling time of the N-V center in the meta-stale spin-singlet states. Consequently, by reducing the pulse width to 4 ns, we observe an 10% enhancement in spin-state contrast, which implies an improvement at about 30% in terms of experimental efficiency. In addition, we evaluate the influences from other experimental parameters, including the laser power, microwave power, and the waiting time between the laser pulses. This work provides a new insight and improvement of efficiency to the op- tical polarizing process in N-V experiments and is thus useful in future applications.
II. RESULTS
The essential idea of this work is to examine the dependence of the spin-state polarization on laser pulse widths in the pumping process. The traditional pulse sequence for laser polarization consists of a single square laser pulse followed with a wait time. In this work, we extend this single-loop mode to a more generalized mode as shown in Fig. 1c -a multi-loop sequence by repeatedly applying laser pulses with a wait time in-between for N times. For each case, N is chosen large enough to saturate the polarization.
In order to evaluate the efficiency of this new sequence, we build a numerical model to simulate the pumping process and calculate the expected polarization in the end of the process. The details of the numerical model and simulation parameters are discussed in the following sections and appendix. Moreover, we apply this new sequence in experiment and parametrically study the performance of the process. Since direct detection of the electron-spin polarization is quite complicated in experiment, we measure the spin-state contrast instead. The contrast is defined as (I max − I min )/I max , where I max and I min are the maximal and minimal fluorescence counts fitted from the detected signal in a Rabi experiment, respectively. The whole pulse sequence is shown in Fig. 1c . After polarizing the electron spin, a resonant microwave is applied to drive the spin to oscillate between m s = 0 and m s = ±1 states. Since the spin-state m s = 0 (±1) is associated with a higher (lower) detected fluorescence counts, the contrast is actually linear with the polarization rate in experiment.
We first examine the pumping process by using different widths of laser pulses in the above sequence. By repeating the pulse loops, we observe the polarization directly in numerical simulations. In Fig. 2a , the results show that, for sequence with shorter laser pulses, the polarization improves more slowly but finally achieves a higher level, and vice versa. To verify these trends, we perform the corresponding experiments using the same pulse sequence. For each pulse width, we increase the loop number N and measure the Rabi oscillation signals. The fitted contrast is shown in Fig. 2b , which matches well with the simulated results. Both of the results show that shorter laser pulses are more efficient in the laser pumping process for initialization of the electron spin.
Further, we study the saturated polarization level for each pulse width t s , i.e., the stable value when N is large enough. The simulated result is shown in Fig. 2c , where an exponentially decaying polarization is observed as the pulse width t s increases. This simulation matches well with the above individual observations. We also verify this numerical expectation with experiments. For each t s , we increase the repeat time N and wait time t w until the spin-state contrast saturates. The final contrast for each t s in Fig. 2d matches well with the nu- merical simulations. Based on these results, we uncover the relation between polarization and pulse width t s .
In experiment, we demonstrate that this new pumping method with repeatedly-applied short laser pulses indeed enhances the polarization in N-V center. For comparison, we measure the Rabi signals using 300 ns (a typical width in traditional experiments) and 4 ns laser pulses using this new method as shown in Fig. 1d , respectively. The experimental result presents a nearly 10% enhancement in spin-state contrast using this new approach compared to the traditional pumping method. Since the readout stage and the detection noise remain unchanged, this improvement implies around a 30% save of time cost to achieve the same signal-to-noise ratio (SNR) in future experiments.
To show the stability of our method, we also investigate the influence of different waiting time t w and laser power in experiment. In Fig. 3a , the waiting time t w is swept from 10 to 350 ns and the contrast is measured accordingly, where we set t s = 4 ns and N = 30. The experimental result shows that, for t w greater than 100 ns, the polarization efficiency remains almost stable. For the laser powers, we test both the traditional single-loop (the 300 ns pulse) and our multi-loop schemes (the 4 ns pulse) in Fig. 3b . In both cases, the polarization performance is proportional to the laser power, and saturates when the power is over 1 mW. Hence, it can be concluded that for either the traditional scheme or our scheme, the effect of the laser power is almost irrelevant in boosting the polarization performance, except for a slight discrepancy between the 4 ns and the 300 ns curve. This is mainly attributed to the low efficiency of the acousto-optic modulator (AOM) working in the short-pulse regime.
III. NUMERICAL SIMULATIONS
Here we describe the process for numerical simulations. Let us refer to the schematics of the electron-spin energy levels and laser pumping process in Fig. 1b . The ground (excited) state is a spin triplet 3 A 2 ( 3 E) with energy splitting D gs = 2.87 GHz (D es = 1.41 GHz) between m s = 0 and m s = ±1 states at zero magnetic field. Since the dynamics in m s = +1 and −1 are equivalent in the pumping process, we use a reduced six-level system without loss of generality, including the ground states (|1 , |2 ), excited states (|3 , |4 ), and the spin-singlet system involved in ISC (|5 , |6 ). We employ a rate equation model to simulate the transition process. Here, the state of the N-V center is stored in a vector P = (P 1 , P 2 , P 3 , P 4 , P 5 , P 6 ) with P i the population of state |i and i P i = 1. The population vector changes during the pumping process according to equations which can be expressed in the matrix form as:
where M 0 (M 1 ) denotes the transition matrix when laser illumination is on (off) and the values of the matrix elements are shown in the appendix. The pumping process in a typical N-V experiment consists of a single square laser pulse and a wait time as shown in Fig.  1c . The target of this process is to initialize the electronic spin into the m s = 0 ground state with high probability. Here, in order to analyze the pulse-width-induced effect on spin polarization, we replace the traditional single square laser pulse with N repeatedly-applied short pulses, i.e., the setting in our scheme. As shown in Fig. 1d , each short pulse is of width t s and an wait time t w is inserted in-between. We simulate this process using the above equation and calculate the polarization in the end of this process. In simulations with fixed parameters t s and t w , the polarization is approaching a stable level when the repeating times N increases as in Fig. 4a . Thus to get the best polarization for each t s or t w , we choose N to be large enough (e. g., 400 for most of the cases).
IV. THE MECHANISM
Here, we consider the case where the pumping process starts with a thermal state P = ( 1 3 , 2 3 , 0, 0, 0, 0). For a single pulse loop with a short laser pulse and a wait time, the increased polarization depends on the value P 21 − P 12 > 0, where P ij denotes the transferred population from state |i to |j in a single loop. As the pulse loop starts to repeat, the population P 2 increases while P 1 decreases, thus P 21 goes smaller and P 12 goes bigger. Finally, a steady state is obtained with P 12 = P 21 and the pumping process is completed. This process is show in Fig. 4a , where for different t s the value P 21 (P 21 ) changes with different speeds. This difference induces different final polarizations of the steady states. We also show this effect by plotting the the net transferred population P 21 − P 12 in a single loop towards the polarization in Fig. 4b . For each pulse width t s , the best polarization is achieved in the steady state where P 21 − P 12 = 0. From this simulation, we see that smaller t s is associated with better polarizations, which matches well with experimental results.
The reason to this pulse-width induced polarization difference, however, is due to the overall population of the N-V center in the spin-singlet meta-stable states, i.e., state |5 and |6 . During the initialization process, the transferred population from state |3 (|4 ) to |5 increases (decreases) until a steady state is reached. Once the N-V center is on the state |5 , It falls down to state |6 immediately, and subsequently onto the ground state |1 or |2 . Since the transition rates from state |6 to state |1 and |2 are almost the same, this transition transfers similar amounts of population to the ground spin-states and reduce the final polarization of the whole pumping process.
Therefore, reducing the dwelling time on the meta-stable states would increase the final polarization level in the process. To confirm, we integrate the populations on |5 and |6 during the pumping process (including the wait time) in numerical simulations. The relation between the integrated population and laser pulse widths is shown in Fig. 4c . We see that, the integrated population decreases as the pulse width decreases. In addition, we show the direct relation between the final polarization and the integrated population in Fig. 4d , where a close-to-linear relation is observed. These results can be used to explain the mechanism of the pulse-width induced polarization enhancement, which is in fact due to the reduction of the dwelling time on the meta-stable spin-singlet states during the pumping process.
V. EXPERIMENTS
To demonstrate, we use a home-built optically-detected magnetic resonance (ODMR) system to address and manipulate the single NV-based centers in a type-IIa, single-crystal synthetic diamond sample (Element Six). As shown in Fig.  1a , the 532 nm pumping laser is focused on the sample via a 100X oil-immersed objective. The emitted fluorescence ranging from 650 to 800 nm is spatially filtered through a 50 µm pinhole and finally collected by an avalanche photodiode (APD) for single-photon counting. A low magnetic field with a few Gauss is applied along the N-V axis to split the energy levels of m s = ±1. A microwave field used to drive the electron-spin state is generated from Microwave Source (Ro-hde&Schwarz SMIQ03) and amplified by a wide-band amplifier (Mini-circuits ZHL-42W) to drive the transition between m s = 0 and m s = −1. An impedance-matched copper slot line with gap of 0.1 mm with an Ω-type ring (inner diameter 300 µm) mounted on a coverslip is used to hold the sample and radiate the microwave fields.
In this work, the pumping laser beam is modulated by a 350-MHz AOM before applied on the sample. The AOM is driven by a 2.6-GSPS AWG (Tektronix AWG610) with an output bandwidth over 800 MHz, which is capable of generating laser pulses as short as 4 ns. In order to suppress the laser leakage, another AOM is used following the first one, which turns off the laser in the rest time of experiment. In order to measure the spin-state contrast, we perform Rabi oscillation experiment shown in Fig. 1c , where the initialization with traditional square (repeatedly shorter) laser pulses is applied on the N-V center followed with a resonant variable-width microwave pulse and another laser pulse for state readout. The signal is fitted with a cosine function, and the contrast is calculated with the fitting parameters.
VI. CONCLUSION
To conclude, we analyze the pulse-width-induced effect on the electron-spin polarization of the N-V center in the optical initialization process, and provide a new scheme to polarize the electron spin with repeatedly-applied short laser pulses. This new scheme provides an enhancement about 10% in readout efficiency, leading to an about 30% save of time cost in experiment. Moreover, we build a numerical model to simulate the laser initialization process and calculate the dependence of the polarization under different parameters. The result matches well with the experimental observations of spin-state contrast. By analyzing the mechanism of our new scheme, we conclude that the superiority of our method is mainly due to the reduction of the dwelling time on the metastable spin-singlet states during the initialization process. Our new scheme could be applied to the NV-based quantum applications in a broad range, and may shed light in understanding the optical initialization process in the N-V centers. 
Appendix A: Simulation Parameters
In the pumping process, the transition rate is defined as k ij which refers to the transfer speed from state |i and |j . The detailed parameters of k ij are listed in Tab.I. In the numerical simulation, the state of electrons is calculated from the equation in each piece of time which can be expressed in the matrix form as d dt P = M i P. The matrix M 0 (M 1 ) is defined as 
